Many motile microorganisms adjust their swimming motion relative to the gravitational field and thus counteract sedimentation to the ground. This gravitactic behavior is often the result of an inhomogeneous mass distribution which aligns the cell similar to a buoy. However, it has been suggested that gravitaxis can also result from a geometrical fore-rear asymmetry, typical for many self-propelling organisms. Despite several attempts, no conclusive evidence for such an asymmetryinduced gravitactic motion exists. Here, we study the motion of asymmetric self-propelled colloidal particles which have a homogeneous mass density and a well-defined shape. In experiments and by theoretical modeling we demonstrate that a shape anisotropy alone is sufficient to induce gravitactic motion with either preferential upward or downward swimming. In addition, also trochoid-like trajectories transversal to the direction of gravity are observed.
G ravitaxis (known historically as geotaxis) describes the response of motile microorganisms to an external gravitational field and has been studied for several decades. In particular, negative gravitaxis, i.e., a swimming motion opposed to a gravitational force F G , is frequently observed for flagellates and ciliates such as Chlamydomonas [1] or Paramecium [2] . Since this ability enables microorganisms to counteract sedimentation, it extends the range of their habitat and allows them to optimize their position in environments with spatial gradients [2] . In case of photosynthetic organisms such as phytoplankton, their vertical position in water is controlled by gravitaxis that thus enables them to adjust the amount of exposure to solar radiation [3] . In order to achieve a gravitactic motion, a stable orientation of the microorganism relative to the gravitational field is required. While in some organisms such an alignment might be dominated by an active physiological mechanism [4] , it has also been suggested that the alignment relative to the gravitational force is the result of an inhomogeneous mass density within the organism (bottom-heaviness) similar to a buoy in the ocean. Indeed, this effect is employed by certain phytoplankton species [5] , Chlamydomonas [6] , or pluteus larvae of the sea urchin [7] . Interestingly, sedimentation experiments with Paramecium, and gastrula larvae [7] also provide evidence for another mechanism responsible for gravitaxis which results from a fore-rear asymmetry in the organisms' shape. However, since these studies were performed with immobilized, i.e., passive cells, direct evidence for negative gravitaxis based on the cell's asymmetry is still lacking.
To distinguish between both mechanisms and to avoid * Electronic address: c.bechinger@physik.uni-stuttgart.de possible mass inhomogeneities which can never be ruled out in biological systems, in our experiments we have studied the motion of artificial micron-sized swimmers with well-defined geometries in the presence of a gravitational field. It has recently been demonstrated that the motional pattern of artificial microswimmers which actively self-propel through a liquid closely resembles that of biological microorganisms [8] [9] [10] [11] [12] . Several authors investigated the influence of external magnetic [13] and gravitational fields [14] including the experimental implementation of particle sorting [15] , measurements of the sedimentation profile [16, 17] of dilute [18] and dense active suspensions [19] , as well as investigations of the orientational order of spherical bottom-heavy particles [20] . None of these studies, however, addressed the issue how the swimming behavior of asymmetrically shaped particles is affected by the presence of a gravitational field.
Here we demonstrate with experiments and by theoretical modeling that a shape anisotropy alone is sufficient to induce gravitactic motion with either preferential upward or downward swimming. In addition, trochoid-like trajectories transversal to the direction of gravitation are observed.
For our experiments we used asymmetric L-shaped microswimmers with arm lengths of 9 and 6 µm, respectively, and 3 µm thickness that were obtained by soft lithography [21, 22] . To induce a self-phoretic motion, the particles were covered on the front side of the short arm with a thin Au coating which leads to local heating upon illumination with light [see Fig. 1(d) ]. When such particles are suspended in a binary mixture of water and 2,6-lutidine at critical composition, this heating causes a local demixing of the solvent which results in an intensity-dependent phoretic propulsion in the direction normal to the plane of the metal cap [15, 22, 23] . To restrict the particle's motion to two spatial dimensions, we arXiv:1409.6882v1 [cond-mat.soft] 24 Sep 2014 used a sample cell with a height of 7 µm. Further details are provided in the Methods. Variation of the gravitational force is achieved by mounting the sample cell on a microscope which can be inclined by an angle α relative to the horizontal plane [see Fig. 1(b) ].
Results
Passive sedimentation. Figure 1(a) shows the measured orientational probability distribution p(φ) of a passive L-shaped particle, i.e., under zero illumination (intensity I = 0), in a thin sample cell which was tilted by α = 10.67
• relative to the horizontal plane. The data show a clear maximum at φ = −34
• , i.e., the swimmer aligns slightly turned relative to gravity as schematically shown in Fig. 1(b) . To estimate the effect of the Au layer on the particle orientation, we also performed sedimentation experiments for non-coated particles and did not find measurable deviations. This suggests that the alignment cannot be attributed to an inhomogeneous mass distribution. The observed alignment with the broader end pointing downwards is characteristic for sedimenting objects with homogeneous mass distribution and a front-rear asymmetry [6] . This can easily be understood by considering an asymmetric dumbbell formed by two spheres with identical mass density but different radii R 1 and R 2 > R 1 . The sedimentation speed of a single sphere due to gravitational and viscous forces is v ∝ R 2 . Therefore, if hydrodynamic interactions between the spheres are ignored, the dumbbell experiences a viscous torque resulting in an alignment where the bigger sphere is below the smaller one [6] .
In Fig. 1 (c) we show the particle's center-of-mass motion in the x-y plane when subjected to an additional effective self-propelling force F acting normally to the Au coating [see Fig. 1(d) ] (its modulus F = |F | is determined from the particle's velocity as described in the Methods). As expected, for F = 0 N, i.e., pure sedimentation, the particle moves straight downward [see Fig. 1(c) ,1]. For F > 0.5 ×10 −13 N, we still observe a rather rectilinear motion but now pointing upward, i.e., counteracting sedimentation (negative gravitaxis [6] ) [see Fig. 1 (c), [2] [3] [4] . With increasing F the angle between the trajectories and the y axis increases until it exceeds 90
• . Then the particle effectively performs a downward motion again [see Fig. 1(c) ,5]. In the regime of straight trajectories, the particle's orientation φ remains stable (apart from slight fluctuations) and shows a monotonic dependence on the propulsion force F (see Fig. 2 ). Finally, when F exceeds a critical value F crit , the microswimmer performs a trochoid-like motion [see Fig. 1(c) , 6] .
To obtain a theoretical understanding of gravitaxis of asymmetric microswimmers, we first study the sedimentation of passive particles in a viscous solvent [24] based on the Langevin equationṡ when the Au coating is neglected). The effective internal force F induces a torque M on the center of mass S that depends on the effective lever arm l.û (φ) andû ⊥ (φ) are particle-fixed unit vectors that denote the orientation of the particle (see Methods for details).
for the time-dependent center-of-mass position r(t) = (x(t), y(t)) and orientation φ(t) of a particle. Here, the gravitational force F G , the translational short-time diffusion tensor D T , the translational-rotational coupling vector D C , the inverse effective thermal energy β = 1/(k B T ), and the Brownian noise terms ζ r and ζ φ are involved. More details are provided in the Methods.
Neglecting stochastic contributions in eqs. (1), one ob- tains the long-time particle orientation angle
which only depends on the two coupling coefficients D C and D ⊥ C determined by the particle's geometry.
Swimming patterns under gravity. Extending eqs.
(1) to also account for the active motion of an asymmetric microswimmer yieldṡ
with the rotational diffusion coefficient D R . (The selfpropulsion force F in our theoretical description is an effective one. Apart from gravity the microswimmer is force free.) Due to the asymmetry of the particle, F induces a torque M = lF , where l is an effective lever arm relative to the center-of-mass position as the reference point [see Fig. 1(d) ]. Note that the choice of the reference point also changes the translational and coupling elements of the diffusion matrix. If the reference point does not coincide with the center of mass of the particle, in the presence of a gravitational force an additional torque has to be considered in eq. (4). In line with our experiments [see Fig. 1(c) ], the noise-free asymptotic solutions of eqs. (3) and (4) are either straight (upward or downward) trajectories or periodic swimming paths. Up to a threshold value of F , the torque originating from the self-propulsion [first term on the right-hand-side of eq. (4)] can be compensated by the gravitational torque [second term βD C ·F G on the right-hand-side of eq. (4)] so that there is no net torque on the particle and the trajectories are straight. After a transient regime, the particle orientation converges to
with the gravitational force F G = |F G |. Obviously, φ ∞ is a superposition of the passive case (first term on the right-hand-side, cf. eq. (2)) with a correction due to selfpropulsion (second term on the right-hand-side).
The restoring torque caused by gravity depends on the orientation of the particle and becomes maximal at the critical angle φ crit = arctan(D C /D ⊥ C ) − π. According to eq. (5), this corresponds to a self-propulsion force
with the particle's buoyant mass m and the gravity acceleration g = 9.81 ms −2 . When F exceeds this critical value for a given inclination angle of the setup, the internal torque M = lF originating from the non-central drive can no longer be compensated by the restoring torque due to gravity [see eq. (4)] so thatφ = 0 and a periodic motion occurs.
To apply our theory to the experiments, we use the values of the various parameters as shown in Table I . All data are obtained from our measurements as described in the Methods.
Dynamical state diagram. Depending on the effective self-propulsion force F and the substrate inclination angle α, different types of motion occur [see Fig. 3(a) ]. (For clarity we neglected the noise in Fig. 3 , but we checked that noise changes the trajectories only marginally.) For very small values of F the particle performs straight downward swimming (SDS). The theoretical calculations reveal two regimes where on top of the downward motion either a small drift to the left (SDS-) or to the right (SDS+) is superimposed. For zero self-propulsion this additional lateral drift originates from the difference D − D ⊥ between the translational diffusion coefficients, which is characteristic for non-spherical parti- cles. Further increasing F results in negative gravitaxis, i.e., straight upward swimming (SUS). Here, the vertical component of the self-propulsion counteracting gravity exceeds the strength of the gravitational force. For even higher F , the force-dependent torque exerted on the particle further increases and leads to trajectories that are tilted more and more until a re-entrance to a straight downward motion with a drift to the right (SDS+) is observed. For the highest values of F the particle performs a trochoid-like motion (TLM). The critical selfpropulsion force F crit for the transition from straight to trochoid-like motion as obtained analytically from eq. (6) is indicated by a thick black line.
Indeed, the experimentally observed types of motion taken from Fig. 1(c) correspond to those in the theoretical state diagram. This is shown in Fig. 3(b) where we plotted the experimental data for α = 10.67
• as a function of the self-propulsion force F . Apart from small de- viations due to thermal fluctuations, quantitative agreement between experiment and theory is obtained. According to eqs. (3) and (4), the state diagram should strongly depend on the effective lever arm l. To test this prediction experimentally, we tilted the silicon wafer with the L-particles about 25
• relative to the Au source during the evaporation process. As a result, the Au coating slightly extends over the front face of the L-particles to one of the lateral planes which results in a lateral shift of the effective propulsion force and thus a change in the lever arm. The value of l was experimentally determined to l = −1.65 µm from the mean radius of the circular particle motion which is observed for α = 0
• [22] . The gravitactic behavior of such particles is shown for different propulsion forces in the inset of Fig. 4 . Interestingly, under such conditions we did not find evidence for negative gravitaxis, i.e., straight upward motion. This is in good agreement with the corresponding theoretical state diagram shown in Fig. 4 and suggests that the conditions for the occurrence of negative gravitaxis do not only depend on the strength of self propulsion but also on the position where the propulsion force acts on the body of the swimmer. The sensitive dependence of the motional behavior on these parameters may also provide an explanation why gravitaxis is only observed for particular microorganisms as, e.g., Chlamydomonas reinhardtii and why the gravitactic behavior is subjected to large variations within a single population [4] .
Discussion
Our model allows to derive general criteria for the existence of negative gravitaxis, which are applicable to arbi-trary shapes. For a continuous upward motion, first, the effective self-propulsion force F trivially has to be strong enough to overcome the gravitational force F G . Secondly, the sum of all torques in eq. (4) must be zero, otherwise, e.g., trochoid-like trajectories are observed. The first term on the right-hand-side of eq. (4) is proportional to F and describes torques originating from the particle's self-propulsion. The second term accounts for the gravitational torque due to the presence of F G . Its influence on the rotational motion is determined by the coupling vector D C .
In our experiments, the particles had an almost homogeneous mass distribution in order to reveal pure shapeinduced gravitaxis. For real biological systems, gravitaxis will be a combination of the shape-induced mechanism studied here and bottom-heaviness resulting from an inhomogeneous mass distribution [25] . In particular for eukaryotic cells, small mass inhomogeneities due to the nucleus or organella are rather likely. Bottom-heaviness can straight-forwardly be included in our modeling by an additional torque contribution [20] and will support negative gravitaxis. Even for microorganisms with axial symmetry but front-rear asymmetry, like Paramecium, both the associated shape-dependent hydrodynamic friction and bottom-heaviness will contribute to gravitaxis such that the particle shape matters also in this special case.
In conclusion, our theory and experiments demonstrate that the presence of a gravitational field leads to straight downward and upward motion (gravitaxis) and also to trochoid-like trajectories. Based on a set of Langevin equations, one can predict from the particle's shape, its mass distribution, and the geometry of the selfpropulsion mechanism whether negative gravitaxis can occur. Although our study does not rule out additional physiological mechanisms for gravitaxis [4] , our results suggest that a swimming motion of biological microswimmers opposed to gravity can be entirely caused by a forerear asymmetry, i.e., passive effects [2, 6] . Such passive alignment mechanisms may also be useful in situations where directed motion of autonomous self-propelled objects is required as, e.g., in applications where they serve as microshuttles for directed cargo delivery.
Methods
Experimental details. Asymmetric L-shaped microswimmers were fabricated from photoresist SU-8 by photolithography. A 3 µm thick layer of SU-8 is spin coated onto a silicon wafer, soft baked for 80 s at 95
• C, and then exposed to ultraviolet light through a photomask. After a postexposure bake at 95
• C for 140 s the entire wafer with the attached particles is covered by a several nm thick Au coating. During this process, the substrate was aligned by a specific angle relative to the evaporation source. Depending on the chosen angle, the Au coating can selectively be applied to specific regions of the front sides of the short arms of the particles. Afterwards the particles were released from the substrate by an ultrasonic treatment and suspended in a binary mixture of water and 2,6-lutidine at critical composition (28.6 mass percent of lutidine) that is kept several degrees below its lower critical point T C = 34.1
• C. Time-dependent particle positions and orientations were acquired by video microscopy at a frame rate of 7.5 fps and stored for further analysis.
Langevin equations for a sedimenting passive particle. The Langevin equations for the center-of-mass position r and orientation φ of an arbitrarily shaped passive particle under the gravitational force F G = (0, −mg sin α) are given by eqs. (1) . The key quantities are the translational short-time diffusion tensor
ing the dyadic product) and the translational-rotational coupling vector
Cû ⊥ with the center-ofmass position as reference point. The orientation vectorŝ u = (cos φ, sin φ) andû ⊥ = (− sin φ, cos φ) are fixed in the body frame of the particle. (Notice that eqs. (1) could equivalently be written with friction coefficients instead of diffusion coefficients [26] . In this article we use the given representation since the diffusion coefficients can directly be obtained from our experiments.) Finally, ζ r (t) and ζ φ (t) are Gaussian noise terms of zero mean and variances are obtained experimentally from short-time correlations of the particle trajectories for zero gravity [22] . Since The diffusion coefficients have also been calculated numerically by solving the Stokes equation [27] and good agreement with the experimental values has been found [22] . The influence of the substrate has been taken into account by applying the Stokeslet close to a no-slip boundary [28] . The effective lever arm of the L-shaped particles is determined to l = −0.75 µm by assuming an ideally shaped swimmer with homogeneous mass distribution and the effective propulsion force acting vertically on the center of the front side of the short arm [see Fig. 1(d) ]. Finally, the buoyant mass m = 2.5 × 10 −14 kg is obtained by measuring the sedimentation velocity of passive particles.
Analysis of the experimental trajectories. For the interpretation of the experimental results in the context of the theoretical model, it is necessary to determine the effective self-propulsion force for the various observed trajectories. This is achieved by means of the relation
which is obtained from eq. (3). It provides F as a function of the measured center-of-mass velocity v x in x direction. On the other hand, the gravitational force is directly obtained from the easily adjustable inclination angle α of the experimental setup.
